Introduction {#s1}
============

Motor thalamus (Mthal) encompasses thalamic nuclei that are strategically located between motor areas of the cerebral cortex and two subcortical networks, the basal ganglia (BG) and the cerebellum, generally considered to be related to the complex cognitive and proprioceptive control of movement, respectively (Middleton and Strick, [@B168]). Lesion studies indicate that the Mthal has a role in maintaining posture, general movements and motor learning (Bornschlegl and Asanuma, [@B30]; Canavan et al., [@B41]). The main current paradigm for understanding information processing in thalamic nuclei comes from studies in sensory thalamus, and centers on the concept of contrasting functions of different inputs characterized as "drivers" and "modulators" with specific anatomical characteristics (Sherman and Guillery, [@B230], [@B231]). However, there is considerable debate in the literature to determine what are the drivers and modulators in the Mthal, which raises the question whether this organization maps directly onto Mthal. Here, we first review the principal anatomical features and known physiology of Mthal, and the driver/modulator concept as derived from sensory thalamus. We then address whether existing anatomical and physiological evidence for cortical, BG and cerebellar inputs is consistent with driver/modulator functions, or if not, what the role of these inputs might be. We propose a new integrated model, in which cortical, cerebellar and BG afferents are considered to be of similar importance in determining Mthal activity. In this new model, Mthal acts as a "super-integrator" of motor information converging from cortex and BG, and from cortex and cerebellum, rather than simply a relay of driver signals as is thought to occur in the sensory thalamus. Finally, we consider how the different functions of inputs might impact thalamic processing in the generation of the symptoms of Parkinson's disease (PD). By laying a platform of current knowledge about the Mthal and then speculating on a new way of thinking we aim to encourage debate and renewed experimental attention to this disregarded area of neuroscience research.

The motor thalamus {#s2}
==================

Anatomical organization of Mthal
--------------------------------

Mthal is well conserved across vertebrates indicating that it is likely to play an important role in the control of movement. In mammals, it is represented by a relatively consistent region of the ventral thalamus, strongly interconnected with cerebral motor cortex, and receives extensive afferent inputs from prominent motor related structures such as the cerebellum and BG. In birds, the equivalent region according to connectivity is in the medial nucleus of the dorsolateral region (DLM; Medina et al., [@B167]; Luo and Perkel, [@B151],[@B152]), but the ventral location is highly conserved across many mammalian species. There are two functional subdivisions of Mthal, the BG and cerebellar receiving territories, that are also relatively conserved across species with some specific differences. In cats, four regions are generally distinguished; ventral anterior (VA), anterior and posterior subdivisions of the ventral lateral region (VLa, ventral lateral anterior and the VLp, ventral lateral posterior) and ventral medial (VM) nuclei. In rats, anatomical distinction between VA and VL is more difficult, and these are often considered together (VA/VL). However, recent studies have found molecular markers able to more easily distinguish VA and VL nuclei in rats based on their afferents (Kuramoto et al., [@B137]; Nakamura et al., [@B175]). In humans and other primates, Mthal is further subdivided into numerous nuclei and the nomenclature is not yet consistent (Hirai and Jones, [@B92]; Krack et al., [@B132]; Helmich et al., [@B90]). To enable data to be compared across mammalian species and nomenclatures, we have used the VA, VM, VLa and VLp scheme, and applied Mthal sub-regions to it guided by Krack et al. ([@B132], see their Table 1).

Mthal is interconnected with the cerebral cortex, and receives major inputs from the deep cerebellar nuclei, namely the dentate and interposed nucleus, and from the output nuclei of BG, namely the substantia nigra pars reticulata (SNpr) and internal segment of the globus pallidus (GPi). Mthal also receives major input from the reticular thalamic nucleus (Pare et al., [@B190]; Hazrati and Parent, [@B89]) and to a lesser extent, from the superior colliculus (Sommer, [@B237]), pedunculopontine nucleus (Steriade et al., [@B242]), and somatosensory spinal cord (Jones, [@B117]). In this review we focus on its main afferents from the cortex, cerebellum and BG.

The vast majority of Mthal neurons are glutamatergic and project out of the nucleus onto dendrites of pyramidal neurons of layers I and II and to a lesser extent layer V of the cerebral cortex (McFarland and Haber, [@B166]; Hooks et al., [@B95]). In cats and monkeys, a small population of GABAergic interneurons exists, but not in rodents (Arai et al., [@B8]; Jones, [@B117]). Mthal output neurons have a distinctive "bushy shape" with medium sized and rounded somata, and dense, circular dendritic arborizations about 300--500 μm in diameter (Williams and Faull, [@B270]; Kultas-Ilinsky and Ilinsky, [@B135]; Yamamoto et al., [@B277]; Sawyer et al., [@B222]). Mthal neurons also have a low spine density on both distal and proximal dendrites (Sawyer et al., [@B222]).

At the cellular level, cortical inputs from motor and motor-related areas innervate all Mthal neurons, whereas Mthal neurons receive inputs from either the BG or cerebellum (Ueki et al., [@B255]; Ueki, [@B254]; Yamamoto et al., [@B278]; Nambu et al., [@B179], [@B181]). Mthal neurons receive cerebellar and BG afferents primarily on proximal dendrites, whereas cortical afferents terminate differently according to their laminar origin (Figure [1](#F1){ref-type="fig"}). Layer V cortical neurons innervate proximal dendrites, and layer VI neurons preferentially innervate distal dendrites (Kakei et al., [@B118]; Kultas-Ilinsky et al., [@B136]). The proximal location of cerebellar, BG and layer V cortical inputs indicate they are all likely to have a powerful effect on Mthal activity but the role of distal inputs from layer VI on Mthal activity is less clear.

![**Synaptic organisation of cortical, BG and cerebellar afferents on Mthal neurons**. Schematic diagram summarizing afferent inputs onto Mthal neurons (yellow) in BG-receiving (orange background) and cerebellum-receiving (purple background) territories. Afferents from the cerebral cortex (blue) innervate Mthal neurons in both BG (left) and cerebellar (right) receiving territories. Afferents from layer V of the cortex (large dark blue terminals) innervate somatic and perisomatic areas. Conversely, cortical layer VI afferents (small light blue terminals) innervate distal dendrites. In contrast, BG afferents (red terminals) innervate somatic and perisomatic areas of Mthal neurons, only in the BG receiving territory. The inset shows a multiple synapse formed by BG inputs. Cerebellar afferents (purple terminals) are located on primary dendrites of Mthal neurons in the cerebellar-receiving territory.](fncom-07-00163-g0001){#F1}

At the level of Mthal territories, the cerebral cortex innervates all Mthal nuclei. In contrast, BG and cerebellar afferents segregate along a rostrocaudal continuum, with GABAergic inputs from BG more rostral and cerebellar glutamatergic inputs more caudal (Figure [2](#F2){ref-type="fig"}). This rostrocaudal continuum is conserved across mammals, but is easier to distinguish in cats and monkeys than in rodents. Afferents from SNpr are found mainly in VA and VM nuclei, afferents from GPi preferentially target the VLa nucleus, and afferents from the cerebellum are concentrated in the VLp (Anderson and Devito, [@B5]; Sakai et al., [@B218]; Kuramoto et al., [@B137]; Nakamura et al., [@B175]). Consequently, Mthal neurons appear unlikely to directly integrate information from BG and cerebellum because these two afferents do not converge at the neuronal level or within a territory.

![**Cortical, BG and cerebellar connections with Mthal**. Schematic diagram illustrates anatomical connections between the cerebral cortex, BG and cerebellum, and individual nuclei of the Mthal. Reciprocal connections between layer V of the cortex and Mthal nuclei are indicated by thick double-headed arrows, whereas thin arrows indicate modulator afferent inputs from layer VI of the cortex to Mthal nuclei. The ventromedial (VM) nucleus receives inputs from SNpr and associative areas of the cortex. Major inputs to the ventroanterior (VA) nucleus are from SNpr and premotor areas of the cortex, and minor inputs are from globus pallidus internus (GPi) and associative areas of the cortex. Major inputs to the anterior region of the ventrolateral nucleus (VLa) are from GPi and premotor cortex and to a lesser extent from the cerebellum. Primary inputs to the posterior region of the ventrolateral nucleus (VLp) nucleus are from the motor cortex and cerebellum, with a minor input from premotor cortex. The VLp nucleus receives inputs from collateral axons arising in layer V neurons in the primary motor cortex that descend the spinal cord. Note, (1) although some regions receive inputs from both BG and cerebellum, these two afferents do not overlap at the neuronal level and (2) that inputs from layer VI of one cortical region reach Mthal regions that are also innervated from layer V of another cortical region, allowing for integration of different cortical functions. The orange-purple color gradient represents the associative to motor continuum that exists in the cortex, BG, cerebellum and Mthal.](fncom-07-00163-g0002){#F2}

Connections between the cortex and Mthal form reciprocal or non-reciprocal loops depending on the laminar origin of cortical pyramidal neurons. Projections from layer V neurons of associative, premotor and motor cortical areas to Mthal are generally reciprocated (Rouiller et al., [@B212]; Sakai et al., [@B219]; McFarland and Haber, [@B166]; Fang et al., [@B62]), while layer VI axons from cortex diffusely target Mthal neurons that do not project back to the same area, but do project to other cortical regions (Rouiller et al., [@B213]; Kakei et al., [@B118]; McFarland and Haber, [@B166]; Haber and Calzavara, [@B84]). Inputs from different cortical regions are also segregated to some extent relative to the BG and cerebellar receiving areas (Anderson and Devito, [@B5]; Percheron et al., [@B196]; Rouiller et al., [@B213]; McFarland and Haber, [@B166]; Akkal et al., [@B2]; Haber and Calzavara, [@B84]; Kuramoto et al., [@B138]). Mthal territories receiving from BG (VM, VA and VLa) are mainly interconnected with associative and premotor cortices, whereas the cerebellar receiving territory (VLp) is preferentially interconnected with primary motor areas of the cortex (Figure [2](#F2){ref-type="fig"}).

It is likely that the complex connectivity between the Mthal and its afferents is important for processes related to movement preparation to be efficiently transformed to final motor commands in the motor cortex. However, the exact mechanism of the transfer of information in this network from associative to motor territories in the Mthal is not yet fully understood. One current model is that thalamic nuclei are involved in open feedback loops that facilitate integration of information coding preparatory and performance aspects of movement by "spiraling" information, first from limbic areas to non-motor thalamic nuclei (mediodorsal), thence to associative cortex, then, via Mthal to motor cortex (McFarland and Haber, [@B166]; Haber and Calzavara, [@B84]). This hypothesis is consistent with studies showing that the reaction time in rats and monkeys is about 300 ms (Baunez et al., [@B20]; Kurata, [@B139]), allowing time for development and refinement of the motor programme within corticothalamic connections. A testable prediction of this anatomically-based hypothesis is that the onset of movement-related activity during preparation for movement should be earlier in VM and VA nuclei than VLa and VLp, but no studies have addressed this point. Although it is not explicit in this theory, anatomical evidence also suggests a possible reverse transfer from motor to premotor and associative areas via the same thalamic structures (Rouiller et al., [@B213], [@B212]; Kakei et al., [@B118]; McFarland and Haber, [@B166]; Fang et al., [@B62]), which may have an important feedback role for motor learning.

Physiology of Mthal neurons
---------------------------

Recordings from thalamic neurons in anesthetized animals are characterized by large amplitude, slow oscillations in membrane potential with bursts of action potentials during up-states (Connelly and Errington, [@B46]; Ushimaru et al., [@B258]). This bursty activity is mainly due to the intrinsic capacity of thalamic neurons to exhibit high frequency bursts of spikes, called low threshold calcium spike (LTS) bursts, following a prolonged hyperpolarization of the membrane potential. This fundamental property of thalamic neurons relies on T-type calcium channels that have distinct dynamics (Jahnsen and Llinas, [@B109],[@B110]; Huguenard and McCormick, [@B102]; McCormick and Huguenard, [@B165]).

The T-type calcium channels in the thalamus are depolarizing channels that are activated following a prolonged hyperpolarization of the membrane potential under −70 mV (Figure [3](#F3){ref-type="fig"}). This initial prolonged hyperpolarization is necessary to de-inactivate the channel (Figure [3](#F3){ref-type="fig"}), thus making the channel responsive to depolarizing events. When the membrane is depolarized following a prolonged period of hyperpolarization, the T-type channel is activated (opens) briefly and the influx of calcium ions (I~T~ calcium current) further depolarizes the membrane leading to activation of voltage-gated sodium channels underlying the generation of action potentials (Figure [3](#F3){ref-type="fig"}). Because the membrane potential of Mthal neurons remains depolarized by the T-type calcium channels for a relatively long duration (∼50 ms), the prolonged depolarized state triggers multiple spikes in the LTS bursts. The T-type channel then inactivates and the gate closes, permitting repolarization of the membrane potential (Figure [3](#F3){ref-type="fig"}). LTS burst activity is a characteristic firing pattern in the thalamus in certain brain states and has raised much interest in the field of thalamus physiology since its discovery. LTS bursts are frequently observed during slow wave activity (Hirsch et al., [@B93]; Llinas and Steriade, [@B150]) or when the animal becomes drowsy (Joffroy and Lamarre, [@B114]; Strick, [@B243]; Schmied et al., [@B224]). As far as we are aware, the occurrence of LTS bursts in the Mthal within a complete BG-thalamocortical network in awake mammals has only been reported in an abstract (Postupna and Anderson, [@B202]), therefore, the role of LTS bursts in awake states remains to be fully characterized.

![**Mechanism of LTS bursts in thalamic neurons**. **(A)** Membrane potential of a thalamic neuron recorded in current-clamp during and after injection of negative current (I Inj), which hyperpolarizes the membrane. There is a prominent sag associated with continued injection of the negative current. At the offset of the injected current, the membrane potential depolarizes and a short burst of action potentials is evoked. Note, to clearly illustrate the spikes in the LTS burst different time scales are used for the first hyperpolarization phase, prior to the dashed part of the trace (100 ms scale bar) and the spiking phase (20 ms scale bar). **(B)** Diagram represents the major conductances underlying the membrane potential changes shown in **(A)**. The I~h~ cationic current is activated by hyperpolarization of the membrane potential, which depolarizes the membrane potential and is the current mainly responsible for the sag. When the neuron repolarizes after current injection, the I~T~ current is activated, which augments depolarization of the membrane potential. When the threshold for voltage-gated sodium channels is reached, action potentials occur and they are represented in **(B)** by the successive I~NA~ and I~K~ currents. Progressively, the I~T~ current is reduced, which favors activation of I~K~ currents and the neuron is repolarized to its resting membrane potential. **(C)** Conductances associated with inactivation (red) and activation (blue) gates of the T-type calcium channel underlying the I~T~ current. Once the membrane potential is hyperpolarized, the inactivation gate opens slowly. As the membrane potential depolarizes, the inactivation gate closes slowly and at the same time the activation gate is opened. When both gates are open, the I~T~ current occurs. Finally, the activation gate closes as the membrane potential returns to rest. **(D)** Illustration of a T-type calcium channel with its activation (blue) and inactivation (red) gates. Calcium ions are represented in yellow. The left example illustrates the configuration of the channel when the neuron is hyperpolarized. The middle and right examples illustrate the channel configuration when the I~T~ current occurs and when the neuron is at its resting membrane potential, respectively. a.u: arbitrary units.](fncom-07-00163-g0003){#F3}

A rapid sequence of spikes, such as occurs in LTS bursts, has different consequences on network activity than a single spike and these modes may encode specific aspects of information, depending on the system and/or the context (Xu et al., [@B275]). In the brain, the probability of neurotransmitter release at synapses by a single spike is generally low (Borst, [@B31]; Tarr et al., [@B246]). With a burst of spikes, the probability of neurotransmitter release is augmented considerably, increasing the reliability of synaptic transmission (Lisman, [@B149]). This is true for both LTS bursts, and other kinds of bursts elsewhere in the brain that are not triggered by a prolonged inhibition. One function of LTS bursts during awake states may be to trigger state changes such as between inattentive rest and active movement (Crick, [@B47]; Sherman, [@B228]; Bezdudnaya et al., [@B26]). Thus, while tonic firing seems to dominate Mthal activity during awake states, LTS bursts may occur at a particular moment in time to increase reliability of synaptic transmission to downstream neurons in the cortex. LTS bursts may also contribute to the plasticity of responses in thalamic neurons (Hsu et al., [@B100]) as they are triggered by a strong influx of calcium, a fundamental activator of synaptic and intrinsic plasticity (Xia and Storm, [@B273]).

Despite extensive studies about the role and mechanisms of LTS bursts in the sensory thalamus, very little data exist on LTS bursts in Mthal. Interestingly, in the songbird homolog of Mthal (DLM), LTS bursts can be triggered by GABAergic synaptic events coming from Area X (equivalent to GPi in mammals), in the *in vitro* slice preparation (Luo and Perkel, [@B151]; Person and Perkel, [@B199]). Although it remains unknown if this is true in mammalian brains, it raises the possibility that GABAergic BG inputs may be able to have an excitatory effect on Mthal neurons, as discussed in more detail in section entitled Characteristics of Cortical, Cerebellar and BG Afferents in the Mthal.

Activity of the Mthal and its main afferents during motor behavior
------------------------------------------------------------------

Mthal is defined as "motor" because of the extensive inputs from motor cortex, BG, and cerebellum; brain regions that exhibit changes in activity related to, and are essential for, preparation and execution of movements. Motor cortex and its associated cortical areas exhibit changes in spiking activity related to the parameters of the movement, such as velocity, orientation or force (Thach, [@B247]; Georgopoulos et al., [@B71], [@B70]; Kalaska et al., [@B119]; Georgopoulos et al., [@B72]; Georgopoulos, [@B69]; Kalaska et al., [@B120]; Caminiti et al., [@B40]; Wickens et al., [@B269]; Quallo et al., [@B203]). The dominant current theory is that all parameters of the movement are coded in the motor cortex by disparate subpopulations of pyramidal neurons that may be functionally synchronized during preparation and execution of a movement by brief oscillatory patterns to form the motor programme (Sanes and Donoghue, [@B220]; Vaadia et al., [@B259]; Baker et al., [@B13]; Churchland et al., [@B45]). Consequently, neurons recorded individually in the motor cortex exhibit complex and variable movement-related modulations in activity.

Deep cerebellar nuclei, and the dentate nucleus in particular, display mainly increases in activity, preceding the movement or associated with the visual cue (Thach, [@B247]; Mink and Thach, [@B170]; Mushiake and Strick, [@B172]; Horne and Butler, [@B98]; Middleton and Strick, [@B168]; Ebner et al., [@B59]). In contrast to the motor cortex, there remains considerable debate on whether the cerebellum specifically codes parameters of a movement such as direction or amplitude (Trouche and Beaubaton, [@B249]; Mink and Thach, [@B170]; Thach et al., [@B248]; Horne and Butler, [@B98]; Ebner et al., [@B59]). Neural changes in movement-related activity in cerebellar nuclei are generally thought to coordinate movements across multiple joints, have a role as a temporal pattern generator, code proprioceptive information and error signalling to optimize movements and motor learning possibly through feed-forward and/or adaptive filter models, but do not specifically control initiation of movements (Sieb, [@B234]; Thach et al., [@B248]; Horne and Butler, [@B98]; Braitenberg et al., [@B33]; Ohyama et al., [@B185]; Jacobson et al., [@B107]; Dean et al., [@B50]; D'Angelo et al., [@B49]; Ebner et al., [@B59]).

The BG output nuclei, GPi and SNpr, display a variety of changes in activity related to movement, with GPi seemingly more related to movement execution whereas SNpr neurons tend to change their activity in relation to the preceding cue and the movement-related reward (Nambu et al., [@B180]; Mink and Thach, [@B170]; Jaeger et al., [@B108]; Mushiake and Strick, [@B173]; Turner and Anderson, [@B251], [@B252]; Wichmann and Kliem, [@B268]; Nambu, [@B177]; Nevet et al., [@B182]; Fan et al., [@B61]). Like the cortex, BG output nuclei code direction and amplitude of movements (Georgopoulos et al., [@B70]; Turner and Anderson, [@B251]; Turner and Desmurget, [@B253]). At a more complex level, activity in the BG is dramatically modified between the first and last trials of a motor learning task (Jog et al., [@B115]; Barnes et al., [@B17]; Fan et al., [@B61]; Lemaire et al., [@B141]), indicating that it may play a role in motor learning. The BG receiving territory of Mthal is thus ideally situated to be involved in motor learning because of its connections with prefrontal cortex and premotor cortex (McFarland and Haber, [@B166]; Xiao et al., [@B274]; Redgrave et al., [@B208]).

Neuronal recordings in the Mthal of awake animals display a wide range of activity from low to high frequencies (1--80 Hz), with brief modulations in activity in relation to movements (Anderson and Turner, [@B6]; Forlano et al., [@B65]; Macia et al., [@B154]; Pessiglione et al., [@B201]). This mode of firing differs dramatically from the activity in the Mthal during slow wave activity in EEGs or local field potential recordings during anesthesia, where activity is organized in bursts that are repeated with consistent periodicity (Steriade et al., [@B241]; Nakamura et al., [@B175]). Given that the inputs to Mthal all display some movement-related modulation in activity, information processing in Mthal during preparation or execution of movement is expected to also be reflected in temporally specific modulations. The activity of Mthal neurons during motor behavior has been mainly studied in primates and in behavioral paradigms requiring a movement triggered by a cue. These studies report that Mthal neurons change their activity in the period between presentation of the cue and onset of the movement, then activity returns to baseline levels (Strick, [@B243]; Schmied et al., [@B224]; Horne and Porter, [@B99]; MacPherson et al., [@B155]; Anderson and Turner, [@B6]; Nambu et al., [@B181]; Butler et al., [@B39], [@B38]; Forlano et al., [@B65]; Vitek et al., [@B262]; Inase et al., [@B104]; Ivanusic et al., [@B106]; Kurata, [@B139]). These changes are mainly increases in activity, but decreases or complex patterns are also reported. The activity of Mthal neurons is correlated with movement duration, velocity or force, but only in a minority of cells (Butler et al., [@B38]; Ivanusic et al., [@B106]). Interestingly, despite anatomical segregation of information in BG and cerebellar territories, neurons across all regions of Mthal exhibit similar ranges of firing rate and movement-related activity (Anderson and Turner, [@B6]; Nambu et al., [@B181]). This may reflect the fact that both BG output nuclei and deep cerebellar nuclei display complex responses with similar temporal characteristics during comparable tasks (Mushiake and Strick, [@B172]; Fan et al., [@B61]), but the precise role of each afferent on Mthal activity is still unknown. It can also be explained by inputs common to all motor thalamic nuclei such as afferents from premotor and motor cortices or the reticular thalamic nucleus (Pare et al., [@B190]; Hazrati and Parent, [@B89]). Another hypothesis is that glutamatergic synapses from cerebellum onto Mthal neurons are depressed and thus are unlikely to increase the firing frequency of Mthal neurons (Nakamura et al., [@B175]).

Insight about the role of the Mthal in the control of movement can be obtained from animal studies that have examined the effect of lesion or intrathalamic drug injection on behavior. Lesion effects are dependent on the site of the thalamic lesion, but in general these studies suggest that Mthal has a role in maintaining posture, controlling general movements and in motor learning. Mammals exhibit akinesia and bradykinesia, and posture is impaired following VA, VLa, VLp and VM electrolytic lesions or injection of GABA agonists or glutamate antagonists intrathalamically (Di Chiara et al., [@B56]; Starr and Summerhayes, [@B238],[@B239]; Klockgether et al., [@B126],[@B127]; Wullner et al., [@B272]; Canavan et al., [@B41]; Jeljeli et al., [@B111]). Large lesions of the VA, VLa and VLp nuclei produce ataxia and dysmetria in the contralateral arm of primates (Bornschlegl and Asanuma, [@B30]). The VLa appears to be particularly important in learning motor tasks because large lesions that included the VLa severely impaired relearning in primates, whereas lesions confined to VA did not (Canavan et al., [@B41]). Similarly in songbirds, the DLM is critical for motor learning, but not the production of song. DLM lesions exclusively impaired motor practice (babbling) and development of complex, mature syllables that are typical of adult male birds (Johnson and Bottjer, [@B116]; Goldberg and Fee, [@B77]).

Despite these advances, many questions remain to be addressed about the nature of information processing in Mthal and its role in motor control. In particular, Mthal activity needs to be explored during more complex motor tasks and during motor learning, and little data are available about how this activity is regulated by the various inputs. Finally, the role of Mthal in regulating activity in its efferent targets remains unknown.

Characteristics of cortical, cerebellar and BG afferents in the Mthal {#s3}
=====================================================================

Much is known of the physiology of sensory thalamus and principles derived from sensory thalamus have been applied to Mthal because of their physical proximity and similarly intense interconnectivity with cortex. A major organizing principle for sensory thalamic nuclei is the classification of afferents as being either *drivers* or *modulators* (Sherman and Guillery, [@B230], [@B231]). Driver afferents define the sensory receptive field properties of thalamic neurons and dictate spiking activity, whereas modulator afferents influence the activity of thalamus cells without directly triggering spikes. Activity in the sensory thalamus is thus strongly correlated with the activity of driver inputs but not with modulator inputs (Sherman and Guillery, [@B230]). A typical example is the lateral geniculate nucleus, which relays visual information from the retina to the visual cortex (Sherman and Guillery, [@B230], [@B231]). Here, retinal ganglion inputs are drivers because they define the receptive field properties of relay neurons in the lateral geniculate nucleus, whereas inputs from the parabrachial region, reticular thalamic nucleus, layer VI of the cortex and local interneurons are considered modulators, because they do not fill the driver criteria (Sherman, [@B229]).

To determine if an input is a driver or a modulator, Sherman and Guillery (Sherman and Guillery, [@B230], [@B231], [@B232]; Sherman, [@B229]) defined several criteria. Basically, these criteria state that driver inputs have anatomical and physiological features that ensure information is reliably transmitted to, and controls the activity of, downstream thalamic neurons. An afferent input that does not fulfil all of these criteria is considered by default to be a modulator.

Anatomically, driver inputs have large diameter axons, with a dense terminal arborization, and preferentially target proximal dendrites and perisomatic areas of postsynaptic thalamic neurons. An additional anatomical criterion is that drivers do not send any collateral axon to the reticular thalamic nucleus. The reticular thalamic nucleus is intimately connected to the cortex and its GABAergic projection neurons innervate most thalamic nuclei, including Mthal (Pare et al., [@B190]; Hazrati and Parent, [@B89]). The significance of this additional criterion is not explicitly explained in the literature, but if a driver also sends collateral input to the reticular thalamic nucleus, feed forward inhibition from the reticular thalamic nucleus may simultaneously reduce the strength of the primary driver signal to Mthal neurons.

Although these anatomical features identify good candidate driver inputs of thalamic activity, physiological features must also be considered. For example, while it is generally assumed that afferents proximal to the cell body have a stronger effect on neuronal activity than distal ones due to degradation of the electrical signal along dendrites, this is not always the case because synaptic events can be electrically maintained by active conductances along dendrites (Gulledge et al., [@B82]). Four main physiological criteria characterize driver inputs (Sherman and Guillery, [@B230], [@B231], [@B232]; Sherman, [@B229]). First, in the sensory thalamus, it is considered that a driver has to be glutamatergic because only excitatory neurotransmitters are able to directly trigger action potentials in adult postsynaptic neurons. Second, the transmitter must act via ionotropic receptors for temporally precise and rapid onset/offset of conductances at the postsynaptic membrane. Conversely, transduction of the synaptic signal via metabotropic receptors can last for several hundreds of milliseconds, which is not compatible with temporally precise transmission of information across a synapse but could contribute to synaptic plasticity (Luscher and Huber, [@B153]). Third, the synaptic input has to be significant to produce large synaptic events that reliably trigger an action potential in the postsynaptic neuron. Fourth, a driver input should display paired pulse depression, which is a decrease in the amplitude of current for successive synaptic events when they are triggered at frequencies between 10 and 250 Hz. The reason for this criterion is that paired pulse depression means there is a high probability of neurotransmitter release at the first synaptic event, leading to a lower probability that a second synaptic event will be reliable (Zucker and Regehr, [@B280]). However, this last criterion is complex to interpret since paired pulse depression can be due to multiple factors with both pre and postsynaptic origins (Klug et al., [@B128]).

Several studies examining Mthal physiology have attempted to address whether cortical, cerebellar and BG afferents are more likely to be driver or modulator inputs, but the results to date are inconclusive (Anderson and Turner, [@B6]; Smith and Sherman, [@B236]; Person and Perkel, [@B199]; Bodor et al., [@B27]; Goldberg and Fee, [@B78]; Gulcebi et al., [@B81]; Nakamura et al., [@B175]; Rovo et al., [@B214]). Therefore, the following sections summarize the available anatomical and physiological data for cortical, cerebellar and BG inputs to Mthal and compare their features to the characteristics of drivers and modulators in an attempt to understand what their role might be in the Mthal. We also introduce the term "driver-like", when afferents fulfil most, but not all, of the criteria of a driver input. Notably, whereas traditional models of thalamic function based on sensory nuclei assume that each nucleus receives only one driver input (Sherman and Guillery, [@B231]), this review highlights that Mthal may integrate inputs from multiple sources, including driver-like afferents from BG.

Cortical afferents have driver and modulator characteristics, depending on the layer of origin
----------------------------------------------------------------------------------------------

Cortical afferents to Mthal arise from pyramidal neurons in layers V and VI. Layer V afferents to the Mthal are collaterals from major descending axons that project to the brainstem and spinal cord. These layer V afferents, which represent a small proportion of all cortical inputs to Mthal, have been reported to match the anatomical criteria of a driver (Grofova and Rinvik, [@B79]; Rouiller et al., [@B213]; Kakei et al., [@B118]; Kultas-Ilinsky et al., [@B136]; Rouiller et al., [@B211]). However, a recent study did not report any large glutamatergic afferents from the cortex in the Mthal based on immunohistochemical staining for a glutamate transporter (vGLUT1), a stain for cortical driver afferents (Rovo et al., [@B214]). Nevertheless, layer V axons are thick (up to 3 μm) and terminate with very large boutons on the perisomatic area and proximal dendrites of thalamic neurons (Kultas-Ilinsky et al., [@B136]). Moreover, layer V afferents do not terminate in the reticular thalamic nucleus (Kakei et al., [@B118]; Kultas-Ilinsky et al., [@B136]). Functionally, one study reports that these layer V corticothalamic neurons from the motor cortex have a fast conduction velocity (∼40 m/s) typical of large diameter myelinated axons (Sirota et al., [@B235]), but further physiological data are not available and the postsynaptic receptors have not been characterized. While anatomical and physiological features of layer V afferents to Mthal are consistent with a driver role, full characterization is not yet available.

In contrast, cortical afferents from layer VI meet several modulator criteria. They preferentially target distal dendrites of Mthal neurons and have small diameter axons with small bouton terminals in the Mthal (Kakei et al., [@B118]; Kultas-Ilinsky et al., [@B136]). Moreover, layer VI cortical afferents send axon collaterals to the reticular thalamic nucleus (Kakei et al., [@B118]). Physiological data are scarce, but the conduction velocity of axons from layer VI cortical pyramidal neurons is less than 5 m/s, which is significantly slower than axons from layer V (Sirota et al., [@B235]). Nothing is known functionally, including whether synapses formed by layer VI inputs have ionotropic or metabotropic receptors. In summary, anatomical data suggest that layer VI cortical afferents to Mthal may have a less prominent role than layer V afferents.

The consequences of two functional inputs from the cortex on information processing in the Mthal during the preparation and execution of movements needs further consideration in the context of reciprocal and non-reciprocal thalamocortical connections. From the criteria described above, it appears that the features of layer V and VI afferents of Mthal activity are consistent with driver and modulator roles, respectively. There is a reciprocal feedback loop between cortical layer V and Mthal. Layer V afferents directly innervate the Mthal, and Mthal sends axons back to the corresponding cortical region (Figure [2](#F2){ref-type="fig"}). In contrast, layer VI afferents have an important role in integrating information across functional cortical boundaries because their axons target Mthal neurons that project to other cortical regions (McFarland and Haber, [@B166]; Haber and Calzavara, [@B84]). We can suppose from these data that Mthal activity of a specific nucleus is driven by its corresponding cortical area with layer V afferents and modulated at the same time by neighboring cortical areas with layer VI afferents, enabling the spiraling of information between the cortex and Mthal to facilitate the best functional movement outcome. In that case, layer VI cortical afferents would play a critical role in the corticothalamic network because they would be responsible for ensuring the Mthal integrates information across functional cortical areas. Currently, movement-related responses of layer VI pyramidal neurons in motor areas vary markedly (Sawaguchi et al., [@B221]; Matsumura et al., [@B162]; Beloozerova et al., [@B21],[@B22]; Isomura et al., [@B105]), therefore, further studies need to determine the precise role of layer VI cortical inputs on Mthal activity during execution of movements.

Cerebellar afferents in the Mthal exhibit several driver characteristics
------------------------------------------------------------------------

The connection between deep cerebellar nuclei and Mthal has been less studied than cortical afferents but the anatomical and physiological features indicate that cerebellar afferents to Mthal have several driver characteristics (Sherman and Guillery, [@B231]; Rovo et al., [@B214]). Indeed, application of the standard model developed from arrangements in sensory thalamus (where first order nuclei involve an ascending pathway whereas higher order nuclei are mainly implicated in corticocortical communications (Sherman and Guillery, [@B231])), the cerebellar receiving territory of Mthal is considered to be a first order nucleus, driven by the cerebellum and modulated by layer VI cortical afferents (Sherman and Guillery, [@B231]; Rovo et al., [@B214]).

Consistent with a driver role, cerebellar afferents in Mthal form large boutons that mainly synapse on primary dendrites (Rinvik and Grofova, [@B209]; Kultas-Ilinsky and Ilinsky, [@B135]; Aumann et al., [@B11]; Sawyer et al., [@B223]; Kuramoto et al., [@B137]; Rovo et al., [@B214]). These anatomical features are corroborated by intracellular studies showing that stimulation of cerebellar afferents produces strong, fast, excitatory events in Mthal neurons, that are even faster than cortical ones (Uno et al., [@B257]; Shinoda et al., [@B233]; Sawyer et al., [@B222]). However, two important criteria of driver inputs that remain unknown are if the cerebellum innervates the reticular thalamic nucleus and the type of glutamatergic receptors involved at cerebellothalamic synapses. Further, the cerebellar receiving territory of Mthal also receives inputs from layer V of the cortex (Rouiller et al., [@B213]; McFarland and Haber, [@B166]), which, as noted above, have characteristics consistent with a driver role.

BG afferents in the Mthal have several driver-like characteristics
------------------------------------------------------------------

BG afferents in the Mthal are from the GPi and SNpr. Although these two BG afferents do not terminate on exactly the same nuclei within Mthal, we will consider them together because they are both GABAergic and the temporal aspects of their neural activity are similar at rest and during execution of movements (Wichmann et al., [@B267]; Boraud et al., [@B29]; Wichmann and Kliem, [@B268]).

Currently, the role of BG inputs on Mthal activity remains an enigma. One model classifying thalamic nuclei by their inputs has proposed that the BG receiving territory of Mthal is a higher order nucleus, driven by layer V cortical afferents and modulated by BG and layer VI cortical afferents (Sherman and Guillery, [@B231]; Gulcebi et al., [@B81]). However, several anatomical and physiological features of BG inputs to Mthal are consistent with a driver-like role and an alternative model proposes that BG inputs have a strong impact on Mthal activity (Albin et al., [@B3]; Alexander and Crutcher, [@B4]).

The main argument for BG providing modulatory input is that BG projection neurons are GABAergic and thus by definition, cannot be drivers (Sherman and Guillery, [@B231]). Intracellular recordings of Mthal activity have demonstrated that electrical stimulation in the GPi/SNpr induces strong inhibitory synaptic events in the Mthal (Deniau et al., [@B55]; Uno et al., [@B256]; Anderson and Yoshida, [@B7]; Chevalier and Deniau, [@B43]; Ueki, [@B254]; Tanibuchi et al., [@B245]). Moreover, the membrane potential of neurons in Mthal is about −60 mV during the anesthetized state (Paz et al., [@B194]), some 10 mV from the reversal potential for chloride, which favors generation of an inhibitory current. In the awake state, this will be exacerbated because neurons are less hyperpolarized (Franks, [@B66]) with firing rates between 1 and 80 Hz (Anderson and Turner, [@B6]; Forlano et al., [@B65]; Macia et al., [@B154]; Pessiglione et al., [@B201]), making GABAergic inputs from BG more likely to hyperpolarize Mthal neurons than excite them. While it is possible for GABAergic afferents to depolarize neurons depending on the equilibrium potential for chloride, (Viitanen et al., [@B261]; Kim et al., [@B124]), to date, an excitatory effect of BG input onto Mthal neurons mediated by direct GABAergic activation of ionotropic receptors has not been found in mammals. Another argument for a modulator role of BG afferents is that the SNpr sends axons to the reticular thalamic nucleus (Pare et al., [@B189]; Pazo et al., [@B195]), although it remains unclear whether these are collaterals of axons innervating the Mthal or a different set of neurons.

In distinct contrast to the assumption of a modulator role for BG inputs that develops from a thalamic perspective, the second theory assumes that the BG exert driver-like control on Mthal activity. This theory is based on models of BG function and circuitry, which treat the BG-territory of the Mthal as a "relay" responsible for transmitting BG output to cortex (Albin et al., [@B3]; Alexander and Crutcher, [@B4]; DeLong, [@B53]; Boraud et al., [@B29]; Bar-Gad et al., [@B16]; Nambu, [@B176]). Indeed, some anatomical and physiological characteristics of BG synapses onto Mthal neurons are consistent with a driver-like role. First, the synapse between the GPi and the Mthal in cat exhibits paired pulse depression (Uno et al., [@B256]). Second, receptors involved in the transmission between BG and the Mthal in birds are exclusively ionotropic (Luo and Perkel, [@B151]). Third, and particularly importantly, electron microscopy studies show that synapses formed by GPi and SNpr terminals onto Mthal neurons in mammals are notably large and have giant (or multiple) synapses (Grofova and Rinvik, [@B79]; Kultas-Ilinsky and Ilinsky, [@B134]; Sakai et al., [@B217]; Bodor et al., [@B27]; Kuramoto et al., [@B137]; Rovo et al., [@B214]). The term "multiple synapses" has been chosen because every SNpr individual terminal forms between 5 and 20 synaptic contacts on Mthal neurons that are closely spaced on one bouton (Bodor et al., [@B27]; Figure [1](#F1){ref-type="fig"}). These multiple synapses are also concentrated on proximal dendrites and somata of Mthal neurons (Sakai et al., [@B217]; Bodor et al., [@B27]; Rovo et al., [@B214]). Moreover, these synaptic contacts are not separated by astrocytes (Bodor et al., [@B27]), which favors GABA spillover to perisynaptic ionotropic receptors and induces much larger inhibitory currents with a tonic inhibitory conductance (Farrant and Nusser, [@B63]). While ionotropic receptors are not generally thought to underlie LTS burst spiking because the GABA~A~ current is too fast to cause the prolonged hyperpolarization required to deinactivate the T-type calcium channel, the multiple synapse arrangement combined with the lack of astrocytes in close proximity to the synapse, favors a large amplitude hyperpolarization that is long enough to promote generation of an LTS burst (Jahnsen and Llinas, [@B109],[@B110]). Whether an LTS burst is generated at these giant synapses in mammals is not known, but it is one of several factors, such as synchronized GABAergic BG inputs and expression of GABA~A~ versus GABA~B~ receptors on Mthal neurons, that will affect generation of LTS bursts.

The specialized synapse structure of GABAergic inputs to Mthal is even more obvious in birds. Indeed, Area X (equivalent of GPi in mammals) connects DLM neurons (equivalent of Mthal neurons in mammals) with calyx-like synapses at a 1:1 ratio, in which GABAergic multiple synaptic contacts are closely spaced and distributed all around the soma (Luo and Perkel, [@B151],[@B152]; Doupe et al., [@B57]). The avian brain provides a strategic advantage to examine communication between BG and Mthal because activity in the calyx-like synaptic terminals from Area X can be simultaneously recorded with the soma of DLM neurons (Luo and Perkel, [@B151],[@B152]; Doupe et al., [@B57]). Indeed, recording extracellular spikes in axon terminals is rare as these electrical signals are usually very small (up to a thousand times smaller) compared to somatic spikes (Hubel and Wiesel, [@B101]; Schomburg et al., [@B226]). Recordings in the avian brain show reliable transmission from BG to Mthal with some temporal specificity (Person and Perkel, [@B200]; Kojima and Doupe, [@B129]; Leblois et al., [@B140]; Goldberg and Fee, [@B78]), consistent with the idea that the calyx-like terminals from the BG can provide a driver-like input that controls Mthal spiking. However, the state of the animal may critically determine the effect of BG input on Mthal inputs. In anesthetized birds where BG inputs have high firing rates (∼100 Hz) and the firing rate of Mthal neurons is low (∼5 Hz), BG inputs dominate spiking activity in Mthal (Person and Perkel, [@B200]; Kojima and Doupe, [@B129]; Leblois et al., [@B140]). In contrast, in awake singing birds, when BG firing rates are very high (∼300 Hz) and firing rates in the Mthal are also high (∼100 Hz), inputs from the cortex determine spiking activity in Mthal (Goldberg and Fee, [@B78]). These data indicate that excitatory and inhibitory inputs may have different consequences on Mthal activity depending on pre- and postsynaptic firing rates (Smith and Sherman, [@B236]; Guo et al., [@B83]; Goldberg et al., [@B76]). Notably, the firing rate of thalamic neurons in the awake bird is too high (∼100 Hz) to allow deinactivation of the T-type calcium channel for LTS bursts to occur (Goldberg and Fee, [@B78]).

The avian BG-thalamic synapse is a special case, and it remains necessary to determine the physiological characteristics of BG inputs to Mthal in mammals to further understand how Mthal neurons process inputs, particularly in the awake state and during movement execution. Nevertheless, the available data in Mthal show that BG afferents have several characteristics that are consistent with both modulator and driver-like roles. Therefore, like cerebellum, the BG-territory of Mthal appears to receive more than one source of input that could play a driver-like role. Because of the importance of the BG-Mthal circuit in BG pathology, such as PD, we now consider in more detail the roles BG inputs may play in modulating Mthal activity.

Control of Mthal activity by BG inputs: possible mechanisms and implications
----------------------------------------------------------------------------

There are currently three main mechanisms proposed for how BG could control Mthal activity; the rebound model focusing on LTS bursts, the gating model focusing on the disinhibitory role of BG inputs and the entrainment model focusing on the temporal role of BG inputs. The strongest evidence for the rebound model comes from the anesthetized or *in vitro* avian brain, where inhibition of Mthal neurons by BG inputs reliably evokes LTS bursts that are locked in time (Person and Perkel, [@B199], [@B200]; Kojima and Doupe, [@B129]; Leblois et al., [@B140]). Through the specialized calyx-like terminal structure, these BG inputs cause prolonged hyperpolarization of Mthal neurons that trigger a rebound LTS bursts of spikes. Therefore, BG afferents can be seen as indirect excitatory inputs due to their ability to trigger LTS bursts. We hypothesize that the role of LTS bursts may be complex and context dependent, in a similar way to synchronization of neuronal populations (Baker et al., [@B14]), occurring at precise, discrete periods during a movement. In this sense, BG GABAergic inputs to Mthal are not only consistent with most of the anatomical and physiological criteria of a driver input, but they may have the additional function of augmenting a functional movement-related signal when they trigger a high-frequency burst of spikes. BG inputs could thus increase the reliability of the synaptic transmission of Mthal neurons to downstream neurons in the cortex because they trigger bursts of spikes temporally locked to the offset of inhibitory inputs.

The rebound model has not yet been investigated in mammals but a model study has shown that LTS bursts may allow detection of an inhibitory drive (Smith and Sherman, [@B236]). The few available data report that LTS bursts in the Mthal of awake primates do occur, but at very low rates (Postupna and Anderson, [@B202]) or particularly when animals are drowsy (Joffroy and Lamarre, [@B114]; Strick, [@B243]; Schmied et al., [@B224]). This may reflect the fact that there are fewer LTS bursts in freely moving animals but it may also be due to limitations in detecting LTS single spikes using extracellular recording techniques. Following a prolonged hyperpolarized state, T-type calcium channels in Mthal neurons can partially activate and trigger one spike but not necessarily a burst of spikes (Llinas and Steriade, [@B150]). This issue will only be resolved when the changes in membrane potential underlying all spikes are recorded in awake animals, which requires extremely challenging patch clamp or intracellular recordings in behaving animals. Given the lack of data investigating the significance of LTS bursts in Mthal activity during execution of movements, studies need to analyze neuronal recordings for LTS bursts and LTS spikes in behaving animals to understand the impact of this firing pattern on downstream structures.

Another mechanism proposed for how BG could exert powerful control on Mthal activity is the gating model (Horak and Anderson, [@B97]; Deniau and Chevalier, [@B54]; Chevalier and Deniau, [@B44]; Hikosaka, [@B91]). In this model, BG outputs can indirectly excite Mthal neurons, through disinhibition. BG are assumed to inhibit the thalamus under basal conditions because SNpr and GPi display high spontaneous spiking rates (between 10 and 70 Hz in mammals) (Wichmann and Kliem, [@B268]; Avila et al., [@B12]), releasing GABA in the Mthal. However, when the BG network is activated by cortical input, SNpr and GPi outputs are transiently suppressed and downstream targets, including the Mthal, are disinhibited.

Consideration of the complete cortico-BG network leads to a more precise formulation of the expected functional impact of BG input in this model. There are three main pathways for information transmission through the BG, the hyperdirect, direct and indirect pathways (For review, see Nambu, [@B176]). These pathways vary in the number of synapses from input to output, leading to the possibility that a single input signal could lead to successive waves of varying output. Thus, the hyperdirect pathway directly excites subthalamic nucleus, which in turn excites BG output nuclei, the GPi and SNpr. The direct pathway synapses in the striatum, which then inhibits the BG output nuclei, with a longer latency than the hyperdirect pathway. Finally, the indirect pathway, which synapses in both striatum and external part of the globus pallidus, leads to disinhibition of BG output nuclei, at the longest latency (Fujimoto and Kita, [@B67]; Maurice et al., [@B163], [@B164]; Kolomiets et al., [@B131]). At the level of the GPi and SNpr, the consequence of the sequential activation of these three pathways is thus an excitation---inhibition---excitation sequence (Maurice et al., [@B163], [@B164]; Kolomiets et al., [@B131]). According to the gating model, this BG output would be expected to cause a mirror sequence of Mthal activity. Following phasic input from BG, baseline firing rate in Mthal activity would first be inhibited, then disinhibited, and finally inhibited again before activity returns to baseline levels (Schneider and Rothblat, [@B225]; Nambu, [@B176]). The putative disinhibition of the Mthal produced by the direct BG pathway is the key element of the gating model. The BG may act as a gate that "decides" when cortical afferents freely drive Mthal activity.

The third mechanism to explain how BG control Mthal activity is the entrainment model. In this model, Mthal spiking is not positively correlated with BG activity, which would be expected for a driver input, but is instead restrained to a precise temporal window in which thalamic neurons can fire (Goldberg et al., [@B76]). It is postulated that BG input has an entrainment role because excitatory inputs that drive spiking of Mthal neurons interact with brief pauses of BG inhibition (Goldberg and Fee, [@B78]; Goldberg et al., [@B76]). This model has been extrapolated from studies in birds (Goldberg and Fee, [@B78]; Goldberg et al., [@B76]), where the activity of BG and Mthal is very high compared to mammals (∼300 and 100 Hz during singing, respectively). A comparable role of BG inputs on the temporal precision of Mthal activity has not yet been shown in mammals. However, in other brain areas receiving both glutamatergic and GABAergic inputs, interplay between the timing of these inputs has been shown to increase temporal precision of spiking activity in the post-synaptic neuron (Mainen and Sejnowski, [@B158]; Baufreton et al., [@B19]). The role of GABAergic inputs on Mthal activity needs to be explored further to determine if this temporal refining role of BG inputs applies in the Mthal of mammals.

In summary, it remains unknown if BG inputs control Mthal activity by the rebound, gating or entrainment models in mammals. The few available data indicate that the mechanism of information processing from BG to Mthal is dependent on the behavioral state of the animal, which is also supported by a study suggesting that the excitability of Mthal neurons is a critical factor for determining how the Mthal processes inputs (Goldberg et al., [@B76]). Therefore, to significantly advance our understanding of how the Mthal processes information underlying the control of movement, it is important that future studies are conducted in mammals executing movement tasks.

A new theory: Mthal integrates, rather than relays, information from cortical, cerebellar and BG afferents {#s4}
==========================================================================================================

Several features of Mthal connectivity indicate it may process information very differently to sensory thalamus. The anatomical and physiological features of inputs to Mthal are not consistent with the dichotomous driver/modulator characteristics derived from sensory thalamus. In particular, evidence suggests the presence of multiple drivers, from cortex and cerebellum in the cerebellar territory and from cortex and BG in the BG territory, as reviewed above. Therefore, we propose a new theory of information processing in the Mthal summarized diagrammatically in Figure [4](#F4){ref-type="fig"}, where layer V of the cortex, cerebellum and BG can all have a strong influence on Mthal activity.

![**Mthal acts as a "super integrator" of cognitive and proprioceptive information from the cortex, BG and cerebellum**. In the model proposed here, pyramidal neurons in layer V of cortical motor areas send a copy of the developing motor programme (blue arrows) simultaneously to the BG, Mthal and cerebellum. The BG integrates motivational context through inputs from the dopaminergic system. The cerebellum integrates proprioceptive context by its innervation from the sensory spinal cord. The BG (orange pathway) and cerebellum (purple pathway) contribute these separately integrated inputs to BG (orange background) and cerebellar territories (purple background) of Mthal. Arrowheads from the cortex, BG and cerebellum to the Mthal are of equal size signifying that these inputs all strongly influence Mthal activity. Modulator inputs from layer VI of the cortex (thin blue arrow) are proposed to transfer information from cortex receiving particularly strong input from one Mthal area, back to the other Mthal area. The respective Mthal areas process all converging inputs (green zones) and forward a "super-integrated" signal back to the cortex (green arrows) for development of the motor programme. Dashed lines in the cerebral cortex separate superficial layers (top), from layers V (middle) and VI (bottom).](fncom-07-00163-g0004){#F4}

In this model, Mthal acts as a "super-integrator", actively assimilating information from multiple inputs. We propose the term "super-integrator" for Mthal because BG and cerebellar networks also receive information about the initial motor programme from the cortex, and independently integrate the cortical signal before forwarding it to their respective Mthal territories. Functionally, BG input is assumed to be responsible for adding motivational context, due to the dense dopaminergic inputs they receive, to select the best action needed to achieve the required behavioral outcome (Hassler, [@B87]; Redgrave et al., [@B208]). Similarly, cerebellar input will provide complex proprioceptive information, processed from sensory afferents of the spinal cord, vestibular apparatus etc., so that the current position of the body in space is used to optimize the motor programme (Eccles, [@B60]; Braitenberg et al., [@B33]). Figure [4](#F4){ref-type="fig"} also shows that the BG and cerebellar territories of the Mthal receive a copy of the developing motor programme directly from respective functional areas of the associative, premotor and motor cortices via projections from pyramidal neurons in layer V. Mthal processes information from all of these highly integrated inputs, with the weighting of each input dependent on the context and required motor outcome. Then, projections from Mthal return highly refined "super-integrated" motor plans back to the cortex to update development of preparatory and performance parameters of the motor programme.

The model outlined above proposes that information from BG and cerebellar territories project in parallel pathways to their recipient cortical areas (see Figures [2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"}). However, we need to consider in this model that BG and cerebellar territories of Mthal exhibit broadly similar movement-related modulations in activity during preparation and execution of movements (Anderson and Turner, [@B6]; Nambu et al., [@B181]). Given the lack of overlap of cerebellar and BG input to single Mthal neurons, this uniform activity may reflect very complex integration and information processing in the Mthal such as "spiraling" of information from the cortex to Mthal, other inputs that innervate both territories, and disparate inputs having similar functional consequences on Mthal activity. As discussed in section entitled Cortical Afferents have Driver and Modulator Characteristics, Depending on the Layer of Origin and summarized in Figure [2](#F2){ref-type="fig"}, corticothalamic efferents originating in layer VI transfer information from one functional area of cortex in a non-reciprocal relationship to another functional area in the Mthal, for example from cerebellum receiving Mthal to BG receiving Mthal, and *vice versa*, as depicted in Figure [4](#F4){ref-type="fig"}. Such iterative spiraling has been proposed to be important for fine-tuning an appropriate activation pattern of cortical neuronal networks that control agonist and antagonist muscles for a movement, and to contribute to response reaction times (Wickens et al., [@B269]). Inputs to both BG and cerebellar territories from other afferents, notably from the reticular thalamic nucleus, but also from the pedunculopontine nucleus, superior colliculus and locus coeruleus, may contribute to the similar movement-related activity in these territories as well (Lindvall et al., [@B148]; Rivner and Sutin, [@B210]; Pare et al., [@B190]; Steriade et al., [@B242]; Hazrati and Parent, [@B89]; Sommer, [@B237]). Furthermore, as discussed in section entitled Activity of the Mthal and its Main Afferents during Motor Behavior, while BG and cerebellum differ in the precise coding of a motor plan, they also have some similar movement-related modulations in activity, probably because they both receive input from motor cortex. Thus, integration of diverse and complex inputs by the Mthal could explain similarities in movement-related activity across both territories at the gross level, but still allow fine spatiotemporal differences, which are discussed below.

Importantly, various physiological mechanisms underpin this processing. Rather than uniformly additive integration in the Mthal, specific features of the inputs mean that they could converge to either boost a signal (e.g., cortical and cerebellar glutamatergic inputs) or act competitively (e.g., cortical glutamatergic inputs and GABAergic BG afferents). Furthermore, the input-output relationship resulting from this integration will vary greatly depending on the respective timing and the firing rate of both presynaptic afferents and the postsynaptic neuron, and on brain state, accounting for the variety of features seen under different experimental conditions. For instance, such interactions could account for the fact that Mthal activity in the awake, resting state is asynchronous throughout corticothalamic, cortico-BG-thalamic and cerebellothalamic networks, while it is highly synchronized under anesthesia (Steriade, [@B240]; Crunelli and Hughes, [@B48]; Rowland et al., [@B215]). In awake, resting states, cerebellar and BG output neurons have the ability to generate action potentials autonomously (Eccles, [@B60]; Raman and Bean, [@B205]; Atherton and Bevan, [@B9]; Bosch et al., [@B32]), therefore, they have high spontaneous firing rates, but cortical inputs do not (Chen et al., [@B42]; Barth and Poulet, [@B18]). Input from BG and cerebellar afferents thus bombard their respective Mthal territories to prevent the cortex and Mthal from oscillating in synchrony.

In addition to the anatomical-functional considerations that underpin integration in the Mthal, as summarized in Figure [4](#F4){ref-type="fig"}, it is also important to consider temporal aspects of inputs and link these to spatial aspects to fully understand how the patterns of Mthal activity might arise. These temporal-spatial dimensions are likely to be important for determining the precise contribution BG and cerebellar Mthal territories make to motor programme development. With respect specifically to BG inputs, as reviewed in section entitled Control of Mthal Activity by BG Inputs: Possible Mechanisms and Implications, there is considerable evidence in support of a gating model in which temporal organization of activity in specific afferent pathways plays a crucial role; in particular, it has been proposed that Mthal is first inhibited by the hyperdirect pathway, then disinhibited by the direct BG pathway (Maurice et al., [@B163], [@B164]; Kolomiets et al., [@B131]). This is followed by a further period of inhibition, mediated by the indirect BG pathway. Such serial events could underpin temporally precise coding of activity of specific individual muscles. In addition, there is also a superimposed spatial dimension to Mthal processing. Neurons in BG output nuclei define multiple parallel channels of motor information (Hoover and Strick, [@B96]), and in support of this idea, there is a lack of correlated activity between SNpr neurons during a cue-reward movement task (Nevet et al., [@B182]). These parallel channels of motor information from BG will also be reflected in the spatial location of Mthal neurons whose activity is modulated in relation to a movement, and each channel could have its own specific temporally organized pattern of activity on these separate BG pathways. Thus, we postulate that each Mthal neuron or small group of neurons receives a unique, integrated signal from BG output nuclei, and temporal and spatial mechanisms enhance the contrast between motor information to be promoted and suppressed in the Mthal. This could allow coding of temporally precise interrelationships of activity across different muscle groups, represented by spatially defined Mthal micro-domains.

The integrating role proposed for the Mthal is in stark contrast to the driver/modulator dichotomy and the relay function of sensory thalamic nuclei. This is perhaps not surprising given the different requirements that are likely to apply to motor and sensory functions, which would be expected to be reflected in the way these nuclei process information. Sensory thalamic nuclei need to relay information that accurately reflects stimulation of sensory receptors so that an animal correctly perceives their environment. In this case, relaying information through the sensory thalamus to the cortex with little integration will ensure that the neural code most accurately reflects stimuli at the original sensory receptor. This is achieved by each sensory thalamic nucleus having one defined driver that determines the overall activity in this nucleus, whereas all other afferents are modulators that fine-tune the neural activity. In contrast, for optimal motor function, a complex set of contextual information needs to be integrated so that the best motor programme can be activated. BG and cerebellar territories of the Mthal provide key sites to enable that to occur because they receive motivational and complex proprioceptive information about the movement that have been integrated in the BG and cerebellum and will enhance activation of the motor programme to be promoted and suppress unwanted motor programmes. For the Mthal to effectively select the best motor programme, it cannot simply relay the information from one driver input. Instead, the precise spatial and temporal pattern of activation in Mthal will reflect a functional movement goal.

Information processing in the Mthal in Parkinson's disease {#s5}
==========================================================

PD is characterized by three major motor symptoms; rigidity, slowing of movements and tremor at rest. In this section, we focus on the possible roles of BG inputs in the Mthal because BG activity is profoundly altered in PD and although the cerebellum is a major input to Mthal, there is a paucity of data reporting changes in PD.

PD is caused by the progressive degeneration of dopaminergic neurons from the substantia nigra pars compacta that innervate the striatum and the other BG nuclei (Albin et al., [@B3]). Because dopamine plays a crucial role in BG physiology, the dynamics of the BG network are profoundly altered in the PD condition (Obeso et al., [@B184]; Boraud et al., [@B29]; Walters et al., [@B265]). Given that the BG are a major afferent of Mthal, understanding Mthal pathological activity is likely to be central to fully understand the neurophysiological origins of PD symptoms.

From the numerous studies that have examined BG activity in PD model animals and patients, the key pathological features of neural activity across BG nuclei can be summarized as follows: an irregular and bursty pattern of activity in BG nuclei, whereas spiking activity is more regular and tonic in basal conditions in control animals (DeLong, [@B52]; Hassani et al., [@B86]; Tai et al., [@B244]; Parr-Brownlie et al., [@B192]). This is particularly clear in the external part of the globus pallidus, the subthalamic nucleus and the two output nuclei, the GPi and SNpr.an increase in synchronization between neurons within a BG nucleus and between BG nuclei, compared to a relatively unsynchronized activity in control animals (Nini et al., [@B183]; Raz et al., [@B207], [@B206]; Brown et al., [@B36]; Dejean et al., [@B51]; Brazhnik et al., [@B34]).an increase in beta oscillations (12--30 Hz) found in all BG nuclei compared to control animals (Hutchison et al., [@B103]; Sharott et al., [@B227]; Avila et al., [@B12]). Brief periods of beta oscillations are present in normal conditions, but power in the beta range is exaggerated in amplitude and duration in the parkinsonian state (Jenkinson and Brown, [@B112]).a loss of specificity in the "receptive fields" of BG neurons (Filion et al., [@B64]; Bergman et al., [@B24]; Abosch et al., [@B1]; Guehl et al., [@B80]). Individual neurons are more likely to respond to passive movements around multiple joints and in multiple directions than in control conditions.

Cortex has been relatively less studied in PD animal models, but changes in bursty activity and synchronization (Goldberg et al., [@B74]; Parr-Brownlie and Hyland, [@B191]; Pasquereau and Turner, [@B193]) and loss of specificity (Goldberg et al., [@B74]) have also been found in the primary motor cortex, which is both an afferent to and recipient of inputs from the Mthal. Moreover, it appears that motor cortex activity is more synchronized with BG nuclei such as the subthalamic nucleus, striatum or SNpr, in PD than in control conditions (Magill et al., [@B156]; Tseng et al., [@B250]; Sharott et al., [@B227]; Dejean et al., [@B51]; Brazhnik et al., [@B34]). However, the relative contributions of altered cortico-BG-thalamocortical activity, loss of direct dopaminergic input to the cortex, or changes in wider networks in causing these cortical changes remains unclear.

Despite this evidence for widespread disruption of activity in structures afferent to Mthal, in the few studies performed to date, Mthal activity was not dramatically changed after dopamine depletion in animal models of PD. We might expect that Mthal neurons have lower firing rates, display bursty and oscillatory activity and exhibit LTS bursts for prolonged periods of time in PD, due to the increased activity of the output nuclei of the BG, and hence inhibitory tone in Mthal (Albin et al., [@B3]; Alexander and Crutcher, [@B4]; DeLong, [@B53]). One study in the awake monkey reports less specificity in receptive fields (Pessiglione et al., [@B201]), which is similar to reports in BG and cortex (Filion et al., [@B64]; Bergman et al., [@B24]; Abosch et al., [@B1]; Goldberg et al., [@B74]; Guehl et al., [@B80]). Other studies in anesthetized cats found decreases in Mthal firing rate (Voloshin et al., [@B264]; Schneider and Rothblat, [@B225]). These changes in Mthal activity are relatively mild, given the profound changes in neuronal activity in BG output nuclei. At present, there is no consensus on the effect of dopamine depletion on LTS bursts; of two studies examining LTS burst occurrence in the Mthal of PD patients one reported very few neurons exhibiting LTS bursts (Zirh et al., [@B279]), whereas the other found a high occurrence of LTS bursts (Magnin et al., [@B157]) and this discrepancy is probably due to the different parameters used to detect LTS bursts. To date, no animal studies have addressed changes or role of LTS bursts in Mthal in PD.

Data recorded from patients during surgery to implant electrodes to treat motor symptoms, such as tremor or rigidity provide useful information about the Mthal but they do not enable a direct comparison between control and PD patients; typically data from PD patients are compared to patients with another neurological disorder such as essential tremor or multiple sclerosis (Zirh et al., [@B279]; Raeva et al., [@B204]; Magnin et al., [@B157]; Brodkey et al., [@B35]; Hanson et al., [@B85]). A major finding of these human studies is that oscillatory signals occurring mainly in VLp neurons are coherent with the 3--8 Hz tremor and in synchrony with other Mthal neurons (Lenz et al., [@B144], [@B145], [@B142]; Zirh et al., [@B279]; Magnin et al., [@B157]; Marsden et al., [@B161]; Brodkey et al., [@B35]; Hanson et al., [@B85]). The origin of this oscillatory pattern of activity remains unknown, in particular, it has not been established whether the oscillatory activity is a cause or a consequence of the tremor. One hypothesis is that tremor arises from aberrant re-afferentation from cerebellar pathways to VLp and this pathway is normally used for rapid voluntary movements (Volkmann et al., [@B263]). Another theory suggests that the cerebellothalamocortical network produces the signal underlying the tremor and the BG network triggers when tremor occurs (Helmich et al., [@B90]). Because the BG and the cerebellum do not converge directly in the Mthal, this transfer presumably involves the cortex (Helmich et al., [@B90]).

Mthal lesions have been used for almost sixty years to treat tremor in PD (Hassler and Riechert, [@B88]). In recent years deep brain stimulation (DBS) of the thalamus has superseded thalamotomy primarily because side effects can be reduced by changing the stimulation parameters or stopped altogether by turning the stimulator off (Benabid et al., [@B23]; Koller et al., [@B130]; Okun and Vitek, [@B186]). Comparison of thalamotomy and DBS effects across studies is difficult, even when MRI has been used to determine anatomical landmarks, because of the inconsistent nomenclatures and subtleties in the placement of nuclei boundaries used for the human thalamus between research groups (Okun and Vitek, [@B186]) and difficulty visualizing some nuclei using MRI (Marsden et al., [@B161]; Bardinet et al., [@B15]). DBS has the advantage that the electrodes can cover a large area of thalamic volume and postsurgical testing can determine the best leads for effective stimulation (Katayama et al., [@B121]). Thalamotomy and DBS are highly effective for reducing the amplitude of tremor (Beuter and Titcombe, [@B25]; Duval et al., [@B58]; Mure et al., [@B171]). The position of the thalamotomy is critical, rather than the size of the lesion, and correlates with the degree of improvement (Atkinson et al., [@B10]). Notably, VLp lesion effectively treats tremor (Markham et al., [@B160]; Atkinson et al., [@B10]; Okun and Vitek, [@B186]; Klein et al., [@B125]). Similarly, high frequency (100--150 Hz) DBS within VLp (and to a lesser extent, VLa) achieved the best improvement in tremor (Yamamoto et al., [@B276]; Katayama et al., [@B121]; Klein et al., [@B125]). Clinical improvement of parkinsonian tremor occurs within 2--4 weeks of thalamotomy or DBS surgery and remains for 5--10 years without lasting side effects (Kelly and Gillingham, [@B122]; Nagaseki et al., [@B174]; Pahwa et al., [@B187]). A strategy used in thalamotomy and DBS surgery to improve outcomes is to target VLp based on the presence of oscillatory neuronal activity in the tremor range (Lenz et al., [@B143]; Garonzik et al., [@B68]). VLp thalamotomy and DBS are also effective for treating rigidity and quality of life (Markham et al., [@B160]; Benabid et al., [@B23]; Atkinson et al., [@B10]; Okun and Vitek, [@B186]; Klein et al., [@B125]). In contrast, the effect of VLp thalamotomy or DBS on bradykinesia, akinesia and fine motor control remains unclear with some studies reporting improvements (Perret, [@B197]; Perret et al., [@B198]), and other studies reporting no changes (Markham et al., [@B160]; Benabid et al., [@B23]; Beuter and Titcombe, [@B25]; Duval et al., [@B58]) or deleterious effects (van Someren et al., [@B260]; Boecker et al., [@B28]). Although the pathophysiology underlying PD tremor remains unknown, thalamotomy and DBS treatments support the idea that the VLp preferentially propagates oscillatory signals associated with tremor. It is possible that neural signals in other regions of Mthal play a role in parkinsonian akinesia and bradykinesia, such as the VA and VLa (Bornschlegl and Asanuma, [@B30]; Canavan et al., [@B41]; Okun and Vitek, [@B186]).

There is accumulating evidence that Mthal oscillatory activity in beta (12--30 Hz) and gamma (30--100 Hz) ranges is altered in PD. In the cortex and BG of PD patients and animal models, beta and gamma range oscillatory activities are routinely recorded, and are altered following administration of dopaminergic drugs (Levy et al., [@B147], [@B146]; Brown et al., [@B36]; Sharott et al., [@B227]; Marceglia et al., [@B159]; Weinberger et al., [@B266]; Kuhn et al., [@B133]; Avila et al., [@B12]; Giannicola et al., [@B73]; Jenkinson and Brown, [@B112]; Brazhnik et al., [@B34]; Jenkinson et al., [@B113]), which provides support that these signals are pathological in PD. Similarly, oscillatory activity in the beta and gamma ranges have been reported in the cerebellar territory of patients (Paradiso et al., [@B188]; Kempf et al., [@B123]; Holdefer et al., [@B94]; Hanson et al., [@B85]; Brucke et al., [@B37]), and may also be pathological because they decrease and increase, respectively, during movements (Paradiso et al., [@B188]; Brucke et al., [@B37]), and gamma activity increases following administration of dopaminergic medication (Kempf et al., [@B123]). These surgeries were performed to implant stimulating electrodes into the VLp to treat tremor, so we do not know if VM, VA or VLa also show changes in oscillatory activity in beta and gamma ranges. To better understand the pathophysiology of PD, we need to know if synchronized activity in the beta and gamma ranges in Mthal is caused by a specific property of Mthal neurons in only the cerebellar territory or arises from inputs from the BG, cortex and/or cerebellum.

Taken together, the available data suggest that in normal conditions Mthal receives unsynchronized and non-bursty afferent signals from the cortex and BG, and that in PD this is profoundly altered so that the Mthal receives highly synchronized, oscillatory inputs. To date, the impact of this change in afferent activity on Mthal does not appear to have been fully characterized. For example, an issue that needs to be explored during movements in PD patients or animals models is whether Mthal neurons display the bursty and oscillatory activity seen in the BG and cortex. Bursty activity in the Mthal could be expected by two ways. First, if the cortex was the main driver, a bursty input will cause a coincident burst of activity in Mthal neurons, without necessarily causing LTS bursts. Second, if we consider the BG as a main driver, the profoundly bursty input from BG could produce a long inhibition in the Mthal that evokes LTS bursts during the interburst period i.e., when BG output is silent. In addition, if we consider that the cortex, cerebellum and BG are drivers, the occurrence of bursts and LTS bursts in Mthal will mainly depend on the timing of these inputs. It remains unclear how cerebellar activity is altered in PD. However, because BG and cortex seem to be synchronized and in-phase in PD (Williams et al., [@B271]; Goldberg et al., [@B75]; Walters et al., [@B265]; Dejean et al., [@B51]; Brazhnik et al., [@B34]), bursts from the cortex could be cancelled out by the profoundly strong, synchronized bursts from the BG. If this is the case, the occurrence and intensity of LTS bursts would not be as great as predicted. Recently, it has been proposed that pathological BG activity produces noise in the Mthal that compromises the fidelity of the Mthal output to the cortex, notably when a spike from the cortex gives rise to an LTS burst in the Mthal, due to pathological BG input (Guo et al., [@B83]; Rubin et al., [@B216]).

Conclusion and future directions {#s6}
================================

Mthal is a structure strategically situated between the BG, cerebellum and cortex, but how it processes information from these three structures remains to be determined. We have reviewed two current approaches to information processing in the Mthal. The first applies driver/modulator concepts from sensory thalamus to Mthal, and proposes that Mthal subregions are driven by one input and modulated by others. However, the data do not support such a simple functional distinction, and suggest instead the possibility that there may be multiple driver or driver-like inputs, including the possibility that BG may strongly influence activity in the BG territory of Mthal.

The second approach, derived mainly from considerations of the cortico-BG circuit treats the BG receiving Mthal as a conduit for BG activity by rebound, gating or entrainment mechanisms. To date, studies exploring these mechanisms have not considered the role of other inputs. The rebound mechanism proposes that BG trigger LTS bursts following a period of inhibition. The main drawback of this rebound model, however, is that LTS bursts seem to rarely occur in awake conditions. The gating model proposes that BG control Mthal activity by a disinhibiting process when the direct pathway of BG is activated. In this model, the BG may act in cooperation with the cortex to drive Mthal neurons. A more recent model, called the entrainment model, proposes that when Mthal and BG neurons have a very high firing rate, Mthal is driven by the cortex and BG play an essential role determining the time window in which thalamic spikes can occur.

Here, we propose a new approach that raises the possibility that BG inputs have a driver-like function in Mthal. Instead of treating Mthal as simply a relay structure, all inputs are important, with Mthal acting as an integrator of multiple inputs (each of which has already integrated multiple signals concerned with different aspects of motor control). In this view, Mthal emerges as a "super-integrator" of information from the cortex, the BG and the cerebellum. The cortex would initiate development of the motor programme, the cerebellar territory of the Mthal would process the complex proprioceptive information needed to produce an appropriate movement and the BG territory would process motivational information. All three pathways are necessary for motor learning and to evoke the optimal movement, and both Mthal territories send super-integrated signals back to the cortex (Figure [4](#F4){ref-type="fig"}). Furthermore, the open feedback loops involving the BG, cerebellum, Mthal and cortex ensure that motivational and proprioceptive aspects of the movement are incorporated into the highly integrated motor programme that develops in the Mthal.

This new approach to understanding Mthal function needs to apply across a range of behavioral states and pathophysiology. The Mthal shows modulations in firing rate with respect to movement, and although motor deficits are severe in most animal models of PD, the reported changes in Mthal activity are relatively minor. However, it is critical that future experiments investigating Mthal function are conducted in behaving animals with simultaneous recordings of Mthal, cortex, BG and cerebellum, to ensure that the processing of context relevant information is explored in the Mthal.

Many aspects of the super-integrator model require further investigation. In particular, to test the hypothesis it is necessary to elucidate the respective weights and roles of cortical, cerebellar and BG afferents on Mthal activity and how they interact to fine-tune Mthal activity. Moreover, it is essential to know the functionality of the BG-Mthal giant synapse in mammals and to determine how and when LTS bursts occur in the Mthal. Ultimately, understanding how the Mthal processes information and the role of cortico-BG and corticocerebellar loops will improve our understanding of how the brain controls movement and the mechanisms underlying movement disorders such as PD.

Conflict of interest statement
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Supported by a grant from the Neurological Foundation of New Zealand.

[^1]: Edited by: Hagai Bergman, The Hebrew University of Jerusalem, Israel

[^2]: Reviewed by: Robert S. Turner, University of Pittsburgh, USA; Rea Mitelman, The Hebrew University of Jerusalem, Israel; Jesse Goldberg, Cornell University, USA

[^3]: This article was submitted to the journal Frontiers in Computational Neuroscience.
